The hot-working characteristics of IN-718 are studied in the temperature range 900 ~ to 1200 ~ and strain rate range 0.001 to 100 s -~ using hot compression tests. Processing maps for hot working are developed on the basis of the strain-rate sensitivity variations with temperature and strain rate and interpreted using a dynamic materials model. The map exhibits two domains of dynamic recrystaUization (DRX): one occurring at 950 ~ and 0.001 s -~ with an efficiency of power dissipation of 37 pct and the other at 1200 ~ and 0.1 s -1 with an efficiency of 40 pet. Dynamic recrystallization in the former domain is nucleated by the ~(Ni3Nb) precipitates and results in fine-grained microstructure. In the high-temperature DRX domain, carbides dissolve in the matrix and make interstitial carbon atoms available for increasing the rate of dislocation generation for DRX nucleation. It is recommended that IN-718 may be hot-forged initially at 1200~ and 0.1 s -l and finish-forged at 950 ~ and 0.001 s -1 so that fine-grained structure may be achieved. The available forging practice validates these results from processing maps. At temperatures lower than 1000 ~ and strain rates higher than 1 s -l, the material exhibits adiabatic shear bands. Also, at temperatures higher than 1150 ~ and strain rates more than 1 s -1, IN-718 exhibits intercrystalline cracking. Both these regimes may be avoided in hotworking IN-718.
oral critical gas-turbine components, many of which are hot-forged. For obtaining required low-cycle fatigue and fracture properties, it is essential that the microstructure is controlled at the processing stage. For example, in the turbine disc application, a fine-grained structure is preferred for which the technology of forging and thermomechanical processing are described.
[L2] The hot ductility of IN-718 tested under tension in the temperature range of 1000 0(2 to 1050 ~ reaches its peak value at a strain rate of about 2.5 s-l. t3] Recently, Chaudhury et al. [4] have developed a processing map for hot deformation of IN-718 in the temperature range of 975 ~ to 1150 ~ and in the strain-rate range of 0.01 to 25 s -~ and interpreted the map in terms of dynamic recrystallization (DRX) mechanism and phase changes occurring in the material. As the commercial forging practice involves initial forging at high temperatures (>1150 ~ and finish forging below 980 ~ to obtain fine-grained structures, it will be beneficial if data are obtained in wider temperature and strain-rate ranges. The purpose of the present investigation is to evaluate the hot deformation behavior in wide temperature and strain-rate ranges and generate a processing map for hot working of IN-718 with a view to optimizing its workability and microstructure during processing. workpiece as a dissipator of power, and the instantaneous power dissipated at a given strain rate (~) consists of two complementary parts: G content and J cocontent representing the temperature rise and microstructural dissipation, respectively. The factor that partitions power between J and G is the strain-rate sensitivity (m) of flow stress (Or). The J cocontent is given by tS]
where ~ is strain rate. For an ideal linear dissipator, J = Jn~x = Or. g/2 and the efficiency of power dissipation of a nonlinear dissipator may be expressed in terms of a dimensionless parameter:
The variation of ,/with temperature and strain rate constitutes the power dissipation map, the domains of which may be interpreted in terms of specific microstructural processes. The extremum principles of irreversible thermodynamics as applied to large plastic flow tsl axe applicable to the dynamic materials model. Kuma~ 9] and Prasad ~176 combined these principles with those of separability of power dissipation and obtained a continuum criterion for obtaining flow instability during hot deformation, and it is given by
The variation of the instability parameter ~(~) with temperature and strain rate is superimposed on the power dissipation map for delineating the regimes of flow instability where ~(g) is negative.
II. EXPERIMENTAL
The chemical composition (wt pct) of IN-718 material used in this investigation is given in Table I . Cylindrical hot compression specimens of 8-mm diameter and 12-mm height were used. Concentric grooves of about 0.5-mm depth were engraved on the specimen faces to facilitate the retention of lubricant. A chamfer of 1 mm at 45 deg was machined along the edges of the face to avoid fold over in the initial stages of the compression. A 0.5-mm diameter hole was drilled to a depth of 4 mm at half the height of the specimen for insertion of a thermocouple.
Hot compression tests were conducted in the temperature range 900 ~ to 1200 ~ and in the strain-rote range of 0.001 to 100 s -1. A computer-controlled servohydraulic machine (DARTEC, Stourhridge, West Midlands, UK) was used in this investigation. The machine could be operated with an exponential decay of actuator speed with time to give constant true-strain rate with strain. In arriving at the exponential decay equation for the stroke variation, the small elastic deflections of the machine and the grips were neglected. The accuracy of temperature controller was within -+ 2 deg and the adiabatic temperature rise during compression was measured with a thermocouple embedded in the specimen. From the load-stroke data, true stress-true strain values were calculated using standard equations. The flow stress data obtained at different temperatures and strain rates were corrected for the adiabatic temperature rise using linear interpolation of log or vs (1/T), and this correction was found to be significant at lower temperatures and higher strain rates. Power dissipation maps were constructed using these data. The following computational procedure was adopted for this purpose: log flow stress vs log strain-rate data at a constant temperature and strain were fitted using a cubic spline function, and the strainrate sensitivity (m) was calculated as a function of strain rate. The procedure was repeated at different temperatures. The efficiency of power dissipation through microstructural changes 7/ = 2 m / ( m + 1) was then calculated from a set of m values as a function of strain rate and temperature and plotted as a three-dimensional (3-D) map. The 3-D variation of efficiency was projected as isoefficiency contour map onto the strain-rate temperature plane.
Specimens deformed under conditions of different domains were sectioned longitudinally (parallel to the compression axis) for optical metallographic examination. The cut surface was mechanically polished using standard techniques and etched electrolytically in a solution of 20 pet HC1 and 80 pct methanol.
The tensile ductility of the material was measured using cylindrical specimens of 4-mm diameter and 25-mm gage length at different temperatures (900 ~ to 1200 ~ and strain rates of 0.001 and 0.1 s -1.
IlL RESULTS
The initial microstructure of the material used in this investigation is shown in Figure 1 , which exhibits finegrained structure.
Typical true stress-true strain curves obtained at 950 ~ and 1150 ~ are shown in Figures 2(a) and (b) . These represent typical behavior of the material at temperatures below and above the 8-phase dissolution temperature (1040 ~ The curves exhibit flow softening, which is significant at strain rates higher than 1 s -1. The flow stress data corrected for adiabatic temperature rise are given in Table II , as a function of temperature, strain rate, and strain.
The power dissipation map obtained at a strain of 0.5 is shown in Figure 3 . In this figure, the contours of isoefficiency (marked as percent) are projected onto a plane of temperature and strain-rate axes. The maps obtained at strains of 0.1, 0.2, 0.3, and 0.4 are essentially similar to that shown in Figure 3 , indicating that strain does not have a significant influence. The map exhibits the following features:
(a) a domain occurring at temperatures below 1050 ~ with a peak efficiency of 37 pet at 950 ~ and 0.001 s-l; (b) a domain occurring at temperatures above 1050 ~ with a peak efficiency of about 40 pet occurring at 1200 ~ and 0.1 s-l; (c) a change in curvature of the contours occurring at 1050 ~ and (d) in the high-temperature high-strain-rate comer of the map, the efficiency contours are closely spaced, indicating a sharp change in the efficiency values with increasing temperature and strain rate.
The instability map was developed on the basis of the continuum criterion given by Eq. [3] and is shown in Figure 4 . The conditions under which the parameter ~(~) becomes negative are contoured and are shown as flow instability regimes (Figure 4) . The material exhibits two such regimes at strain rates higher than 1 s-l: one Fig. 1 --Initial microstructure of the superalloy IN-718 .
